INTRODUCTION
The origin of the pseudogap phenomena 1 in high-T c superconductors is one of the most challenging questions in the theory of superconductivity but there is no consensus on the correct theoretical approach to be taken to describe such phenomena. What is generally accepted is that the pseudogap is a manifestation of strong correlation effects which become progressively more important as the doping is reduced into the underdoped regime and the Hubbard Mott insulating state is approached. Roughly speaking, theories of the pseudogap state can be divided into two classes.
One is based on the idea of a precursor state to superconductivity. In this scenario the Cooper pairs are pre-formed below the pseudogap temperature (T g ) assumed larger than the superconducting transition temperature (T c ) but there is no phase coherence in the temperature range between T c and T g . 2, 3 The phase fluctuations destroy phase coherence and consequently the superfluid stiffness is zero in this temperature regime. Therefore, this picture envisions that the two gaps (superconducting and pseudogap) have the same origin. The precursor state idea is based on the results of angle resolved photoemission spectroscopy (ARPES) experiments, 4 which show a smooth evolution of the pseudogap into the superconducting gap as temperature is reduced. This is also consistent with tunneling results 5 of Renner et al. who found a smooth evolution of tunneling characteristics as a function of temperature showing the gap filling but not closing as one goes through the superconducting transition temperature. On the other hand data by Krasnov et al.
6 on intrinsic mesa junctions show a separate superconducting peak and a pseudogap hump. These data do not favor a pre-formed pair interpretation although superconducting and pseudogap both appear pinned to the Fermi energy. A different precursor scheme 7 includes in the calculations finite momentum pairs which exist at any finite temperature below T g but do not contribute to the superfluid density made up of zero momentum Cooper pairs. Above T c there remain no zero momentum pairs and therefore no superfluid density. This approach constitutes a natural extension of BCS theory to the strong coupling regime and has many features that agree with experiments on the cuprates. For example pseudogap effects become more prominent as the doping is reduced into the underdoped regime of the phase diagram.
A second class of theories assumes that there is a second order parameter which competes with the superconducting gap and that the microscopic origin of the pseudogap associated with this second order parameter is different from that of the superconducting gap. The competition between the two gaps manifests itself most importantly in the underdoped regime and so in this doping regime the two gaps co-exist. As the doping is increased towards optimum and into the overdoped regime the second order parameter is weakened and could even vanish in the overdoped case. This feature is quite different from the precursor scenario. A recent theoretical approach 8 based on this line of thought has assumed that the pseudogap has a d-wave charge density wave order, the so-called d for the high-T c cuprates is consistent with this competing gap picture. However, a more recent theoretical work 10 implies that the DDW model may not be consistent with tunneling experiments. Transport properties 11 of the DDW state may also be used to test this picture.
In this paper we deal only with the phase fluctuation picture. CuO 2 planes play a crucial role in high-T c superconductivity and interlayer coupling is weak. Here it is assumed that the two-dimensional nature of the cuprates is an important feature of these compounds. For simplicity,
